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[57] ABSTRACT

A crystal-pulling apparatus incorporates a temperature sen-
sor and an adjustable radiation shield. The temperature
sensor measures temperatures of a melt surface adjacent to
a solidification interface between a crystal and the melt. The
radiation shield regulates radiational cooling of the melt. A
control system adjusts the radiation shield in response to
changes in the measured temperature of the melt for enhanc-
ing dislocation-free growth of the crystal.

19 Claims, 9 Drawing Sheets
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TEMPERATURE CONTROL SYSTEM FOR
GROWING HIGH-PURITY MONOCRYSTALS

TECHNICAL FIELD

The invention relates to the manufacture of monocrystals
according to the Czochralski pulling technique and particu-
larly to monitoring and regulating thermal conditions affect-
ing crystal growth during their manufacture.

BACKGROUND

Most monocrystals used for making electronic compo-
nents (e.g., silicon, germanium, and gallium arsenic) are
formed by the Czochralski pulling technique. The substance
to be crystallized is melted in a crucible, which is usually
‘made of quartz, and a *“seed” crystal is dipped into the melt
and slowly withdrawn. The melt crystallizes at the seed, and
the crystal grows to dimensions controlled by a rate of
pulling the crystal from the melt.

The growth of dislocation-free crystals is sensitive to
variations in both temperature and the pulling rate. For
example, a temperature of approximately 1415 degrees
centigrade is required at the solidification interface between
a crystal of silicon and a silicon melt. Temperatures else-
where in the melt must be higher, and temperatures else-
where in the crystal must lower. Any variation in the
temperature gradient in the vicinity of the solidification
interface can affect the rate of crystal growth as well as its
quality.

The pulling rate is varied in response to the detection of
diametric variations in the growing crystal to maintain the
crystal diameter within a desired tolerance. However, the
variations in pulling rate must be limited to maintain
dislocation-free growth of the crystal and to minimize
changes in the composition of the crystal throughout its
length. Conversely, oversized diameters require excess
grinding and undersized diameters produce scrap.

Radiational heating units surrounding the crucible are
controlled to limit variations in the pulling rate by regulating
the overall temperature of the melt. The heating units
surrounding small crucibles generally provide adequate con-
trol over the required thermal gradients in the vicinity of the
solidification interface to limit variations in the rate of
crystal growth. However, the increased mass of the melt and
heated components surrounding larger crucibles for growing
crystals in excess of 200 mm in diameter limits the control
of the heating units over the required thermal gradients.

Variations in the heat output of the surrounding heaters
are slow to affect temperatures at the solidification interface
of the larger crystals and have little affect on more rapid
temperature fluctuations within the melt. For example, the
rate at which the heaters can influence temperatures at the
solidification interface of large crystals is often too slow
(e.g., delays up to 5 or 10 minutes) to effectively regulate
many temperature fluctuations affecting crystal growth.
Thus, the growth of large dislocation-free crystals is ham-
pered by inadequately controlled variations in temperature
gradients in the vicinity of the solidification interface and by
the accompanying variations in the pulling rate required to
maintain the desired diameter of the growing crystals.

The two primary controls over crystal growth, namely,
pulling rate and radiational heating, are both based on error
measures of crystal diameter, which presuppose some prior
deviation from the required thermal gradients. Thus, the
thermal conditions in the vicinity of the solidification inter-
face can fluctuate well in advance of their detection from the
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resulting diameter change. The direct monitoring of thermal
conditions at the solidification interface would provide an
opportunity for better control over the crystal growing
process. However, such further control over the radiational
heaters would be of limited use for growing large crystals
because of the slow response to changes in radiational
heating in the vicinity of the solidification interface.

U.S. Pat. No. 5.162.072 to Azad discloses individually
controlled heating eclements arrayed in rings beneath a
crucible to regulate radial temperature distributions across
the bottom of the crucible. The radial temperature distribu-
tions across the crucible bottom are regulated to maintain
stable convection flow patterns despite reductions in the
melt level. However, the additional heating units provide
little immediate control over temperature gradients in the
vicinity of the solidification interface, especially in larger
size crucibles.

U.S. Pat. No. 4,330.361 to Kuhn-Kuhnenfeld et al. dis-
closes use of a downwardly tapering radiation screen sur-
rounding a growing crystal as it emerges from a melt within
a crucible, The screen, which can be used throughout the
pulling process, protects the growing crystal from irradiation
of heat from the melt. the crucible walls, and one or more
heater elements. Although the screen most probably has
some general affect on temperature patterns near the solidi-
fication interface, the screen does not provide any more
control over temperature fluctnations that vary the growing
rate of the crystal.

SUMMARY OF INVENTION

My invention provides for more directly monitoring ther-
mal conditions affecting crystal growth and for more accu-
rately regulating the monitored thermal conditions to
enhance the growth of dislocation-free crystals. The thermal
conditions can be monitored by sensing temperatures in the
vicinity of a solidification interface between the crystals and
a melt. The thermal conditions can be regulated by control-
ling an amount of radiational cooling from a surface of the

melt.

One example of my invention includes a processing
chamber within which a crucible is mounted for containing
a melt of crystal-forming material. The crucible has an open
end through which a crystal can be pulled from the melt. A
heater maintains the crystal-forming material in a melted
condition. In addition to these usual features, a temperature
monitor senses a temperature of the melt adjacent to the
solidification interface between the crystal and the melt and
a radiation regulator regulates radiational cooling of the
melt. A control system adjusts the radiation regulator in
response to changes in the sensed temperature of the melt for
enhancing dislocation-free growth of the crystal.

The new temperature monitor preferably includes a probe
that extends into the processing chamber more than one-fifth
of a distance between the processing chamber and the melt.
A sight tube within the probe transmits radiant energy from
a spot on the surface of the melt to an optical sensor. The
spot, which preferably measures less than 10 mm in
diameter, is located beyond the solidification interface but
within an area in which the sensed temperatures are directly
correlated with the rate of crystal growth. For example, the
spot is preferably positioned between S mm and 50 mm from
the crystal.

The new radiation regulator is preferably a radiation
shield that covers an area over the open end of the crucible
for returning radiated heat to the melt. The amount of
radiated heat returned to the melt can be regulated either by
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adjusting the position of the radiation shield with respect to
the melt surface or by adjusting the amount of area covered
by the shield. For example, the radiation shield can be
formed by an iris diaphragm having a plurality of overlap-
ping plates that can be adjusted to vary the size of an opening
through which the crystal is pulled from the melt. The
opening is centered with respect to an axis along which the
crystal is pulled to promote a radially symmetric tempera-
ture distribution in the melt surrounding the crystal.

The new control system relates the temperature monitor {0
the radiation regulator. A setting of the radiation regulator is
adjusted in response to a difference between the sensed
temperature of the melt and a desired temperature. For
example, the difference between the sensed and desired
temperatures can be converted into a temperature control
signal that adjusts either the position or the amount of area
covered by the radiation shield. Temperature gradients
between the solidification interface and the surrounding melt
surface can be increased by moving the shield away from the
melt surface or by decreasing the area covered by the shield
and can be decreased by moving the shield closer to the melt
surface or by increasing the area covered by the shield. The
closer position and increased area also reduce radiational
cooling from the melt surface, which can be used to increase
temperatures in the vicinity of the solidification interface.

The much slower responding heater can be used to keep
the covered area of the radiation shield within bounds at

which it is most effective for favorably influencing tempera-
ture gradients of the melt. In fact, the average amount of area
covered by the radiation shield can be gradually changed in
response to variations in the amount of melt remaining in the
crucible. Ordinarily, such variations adversely affect radial
temperature gradients of the melt surface required to main-
tain a stable solidification interface shape. However, accord-
ing to my invention, the gradual change in the position or
average area covered by the radiation shield can be used to
maintain the desired radial temperature gradient. while more
rapid changes in the shield position or area can be used to
stabilize temperatures at the solidification interface.

The improved temperature stability of both the solidifi-
cation interface and the radial temperature gradient is
expected to improve crystal structure and consistency, to
reduce diametrical variations in crystal size, to optimize
pulling rates, to lower power requirements, and to lessen risk
of dislocations caused by temperature shocks and cooling
strains. It might also be possible to maintain a desired crystal
diameter without varying the pulling rate by varying the area
covered by the radiation shield to stabilize crystal growth
rates.

DRAWINGS

FIG. 1 is a schematic cross-sectional elevation view of a
Czochralski pulling apparatus modified according to my
invention.

FIG. 2 is a cut-away portion of the apparatus showing an
axial cross section of an iris diaphragm.

FIG. 3 is a partly cut-away top view of the iris diaphragm
showing overlapping plates in a maximum closed position.

FIG. 4 is a similar view of the iris diaphragm showing the
overlapping plates in a maximum open position.

FIG. 5 is a cut-away elevation view in cross section within
a portion of the pulling apparatus in the vicinity of a
solidification interface between a crystal and a melt.

FIGS. 6A and 6B are partial side views in cross section
showing different portions of a temperature probe.
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FIG. 7 is a diagram of a control system for regulating
melt-down and crystal growth within the pulling apparatus.

FIGS. 8A-8F are a series of graphs showing relationships
between processing variables with a fixed iris opening size
throughout a range of crystal growth.

FIGS. 9A-9F are a series of graphs showing relationships
between the same processing variables with variable iris
opening sizes throughout a similar range of crystal growth.

DETAILED DESCRIPTION

One embodiment of my invention is depicted in FIG. 1 as
an improved apparatus 10 for growing crystals according to
the Czochralski pulling technique. The apparatus 10

includes an evacuatable processing chamber 12 and a load-
ing chamber 14 interconnected by a valve 16. A door 18
provides access to the loading chamber 14. Both chambers
12 and 14 are evacuated by a pump 20. although separate
pumps for each chamber could also be used. The valve 16
can be closed to maintain vacuum pressure in the processing
chamber 12 when the door 18 of the loading chamber 14 is
open.

Within the processing chamber 12 is a silica (quartz)
crucible 22 contained in a graphite support 24 that is
mounted on a crucible shaft 26. A lower drive mechanism 28
provides for both rotating and vertically translating the
crucible shaft 26 under directions from a computer processor
30. A graphite resistance heater 32, also under computer
control, surrounds the silica crucible 22 and graphite support
24 for melting crystal-forming material 34 such as silicon.
germanium, or gallium arsenic within the silica crucible 22
and for maintaining the crystal-forming material 34 in a
melted condition. A thermal shield 36, which can also be
made of graphite, protects walls of the processing chamber
12 from extreme heat generated by the heater 32.

A seed cable (or shaft) 38 extends through the loading
chamber 14 and into the processing chamber 12 for sup-
porting a seed crystal 40. An upper drive mechanism 42

- provides for both rotating and vertically translating the seed
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cable 38 under the control of the computer processor 34.
Vertical movement of the seed cable 38 is used to dip the
seed crystal 40 into the melted crystal-forming material 34,
hereinafter “melt”, and to withdraw the seed crystal 40 from
the melt 34 at a rate that grows a dislocation-free crystal 44
to a desired radial dimension (i.e., diameter).

Vertical movement of the crucible shaft 26, together with
the crucible 22, can be used to maintain a surface 46 of the
melt 34 in an optimum position or level with respect to the
heater 32. Also. the crucible shaft 26 and the seed cable 38
are rotated in the same or opposite directions to manage
convection currents within the melt 34 and to improve radial
symmetry of a solidification interface 48 between the crystal
44 and the melt 34.

An optical sensor 50 operating through a port 52 in the
processing chamber 12 functions as a diameter monitor for
measuring the diameter of the crystal 44. Optical pyrometers
such as disclosed in U.S. Pat. No. 3.692,499, X-rays such as
disclosed in German Patent 1,519,850, and load monitoring
of crystal weight such as disclosed in U.S. Pat. No. 4,032,
389 could also be used to obtain comparable measures. The
measure of crystal diameter, which is a function of both the

pulling rate and the temperature conditions at the solidifi-
cation interface 48, is transmitted to the computer processor

30 for evaluation of any error and determination of any
corrective actions.

An inert gas such a argon is circulated between an enftry
port 54 and an exit port 56 for purging contaminants
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evaporated from heated components in the processing cham-
ber 12 as well as from the melt 34.

In addition to these standard features of the illustrated
embodiment, my invention includes an iris diaphragm 60
that functions as a radiation shield covering an area over an
open end 62 of the crucible 22 for returning radiated heat to
the melt 34. The iris diaphragm 60 has a variably sized
opening 64 through which the crystal 44 can be pulled from
the melt 34. The size of the opening 64 is controlled to adjust
the amount of area covered by the iris diaphragm 60. Also,
the opening 64, which is substantially circular, is centered
with respect to an axis 66 along which the crystal 44 is
pulled for radially symmetrically affecting temperature gra-
dients in the melt 34 surrounding the solidification interface
48

The iris diaphragm 60. which is shown in more detail in
FIGS. 24, is formed by overlapping plates 68 that can be
adjusted to vary the size of the opening 64. The overlapping
plates 68 are supported between a pair of rings 70 and 72 that
are relatively rotatable for moving the overlapping plates 68
between different angular positions. The overlapping plates
68 are preferably made of graphite or molybdenum, and the
rings 70 and 72 are preferably made of graphite.

The lower ring 72 is supported on the thermal shicld 36
by a graphite tube 73. The overlapping plates 68 are rota-
tively supported on pins 74 carried by the lower ring 72. The
upper ring 70 is rotatively supported on a rim of the lower
ring 72. Pins 76 carried by the upper ring 70 engage slots 78
in the overlapping plates 68 so rotation of the upper ring 70
pivots the overlapping plates 68 between the different angu-
lar positions contrasted by FIGS. 3 and 4.

The upper ring 70 is rotated by an iris drive mechanism
80 under control of computer processor 30 through a water-

cooled iris shaft 82 and crank arm 84. A pin 86 carried by
the upper ring 70 engages a slot 88 in the crank arm 84 for

converting angular motion of the crank arm 84 into rotation
of the upper ring 70.

In FIG. 3, the overlapping plates 68 are pivoted into
angular positions that cover the most area of the crucible
opening 62 and that provide the smallest central opening 64.
In FIG. 4, the overlapping plates 68 are pivoted into angular
positions that cover the least area of the crucible opening 62
and that provide the largest central opening 64. Scallops 89
in the overlapping plates 68 provide clearance with the pins
74 to maximize the size of central opening 64.

The iris drive mechanism 80 can also be arranged to move
the iris diaphragm 60 vertically to adjust the height of the iris

diaphragm 60 above the melt surface 46. The overall radia--

tional effects of the iris diaphragm 60 increase with prox-
imity to the melt surface. The ability to vary both the height
and the opening size of the radiation shield enables further
optimization of temperature gradients within the melt. This
is particularly helpful for establishing a dislocation-free
neck region at the start of crystal growth. Vertical movement
of the iris diaphragm 60 can also be used during melt-down
to maintain a minimum clearance with the crystal-forming
material 34 as the material settles into the crucible 22.

A similar radiation shield is disclosed in more detail 1n my
copending application filed on 20 Nov. 1995 entitled
“Adjustable Radiation Shield for Controlling Temperature in
Crystal-Forming Apparatus”. This application is hereby
incorporated by reference.

My invention also includes a second optical sensor 90
operating through the port 52. The optical sensor 99, which
is further illustrated by FIGS. S, 6A. and 6B, functions as a

temperature monitor for measuring the temperature of a spot
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92 on the melt surface 46 adjacent to the solidification
interface 48. The spot 92, which is located along a radial

temperature gradient, has a diameter “D” that is preferably
limited in size so the amount of temperature variation within
the spot 92 is less than about 2 degrees centigrade. with less
than 1 degree centigrade being more preferred. The tem-
perature variation within the spot 92 is also preferably less
than an expected variation in the average temperature of the
spot 92 during crystal growth. Diameters “D” satisfying
these criteria are expected to range between 2 mm and 20
mimn

The spot 92 is radially spaced from the crystal 44 between
minimum and maximum distances “S,” and “S,”. The
minimum distance *“S ,”, which is generally not less than 5
mm, positions the spot 92 on the melt surface 46 beyond the
solidification interface 48 at which the melt curves to join
the growing crystal 44. Some tolerance for eccentricity or
wobble of the solidification interface 48 should also be
incorporated into the minimum distance “S," to assure that
the spot 92 lies entirely within a plane of the melt surface 46.

The maximum distance “S,” which is generally not
greater than 50 mm, positions the spot 92 within an area of
the melt surface 46 whose temperature is directly correlated
with growth rates at the solidification interface 48 (e.g..
higher temperatures decrease growth rates and lower tem-
peratures increase growth rates). Beyond the distance *S,”.
melt temperatures are not sufficiently predictive of the
growing conditions. For example, the temperature gradients
may be too non-linear to effectively measure, or the tem-
perature variations may be too volatile to be meaningfully
related to the growing rate. Melt temperatures within the
distance “S,” are preferably within 25 degrees centigrade of
the solidification interface 48.

FIGS. 6A and 6B show details of a probe 94 attached to
the optical sensor 99 for sizing and positioning the spot 92
on the melt surface 46. The probe 94 includes a sight tube
96 for conveying light between the spot 92 and the optical
sensor 90. The sight tube 96 is encased within a protective
upper jacket (or sheath) 98. Both the sight tube 96 and the
upper jacket 98 can be made from stainless steel. Within the

sight tube 96, two aperture stops 100 and 102 are relatively
adjustable for controlling the size of the spot 92.

A lower jacket 104 is threadably engaged with the upper
jacket 98 and is itself encased within a protective sheath 106.
which is preferably made of graphite. In some
circumstances, the upper jacket 98 alone may be of sufficient
length to exclude radiation from other sources that could
affect the temperature measurement. However, if additional
length is needed, the lower jacket 104 and the protective
sheath 106 can be used to extend the probe 94 into a region
of higher temperature approaching the melt surface 46.
Preferably, the probe 94 extends into the processing chamber
12 more than one-fifth of a distance between the processing
chamber 12 and the melt surface 46.

A new control system 110 incorporating both the iris
diaphragm 60 and the temperature sensor 90 is shown in
FIG. 7. The control system 110 supports two main
operations, namely, melt-down and crystal growth.
Preferably, information is processed within the control sys-
tem 110 by software residing in the computer processor 390.
However, various operations of the control system 110 could
also be performed by separate hardware controls.

During melt-down, pieces of the crystal-forming material
34 are added to the crucible 22 and heat is applied by the
heater 32. The temperature sensor 90 measures the tempera-
ture of the melt surface 46 and relays this information to the



5,746,828

7

computer processor 30, where a temperature comparator 112
determines a difference between the measured temperature
and a predetermined temperature held by a set point 114. An
error signal representing the difference between the mea-
sured and predetermined temperature values is output from
the temperature comparator 112 to a melt temperature con-
roller 116. A control algorithm (such as a proportional
differential integral control algorithm) within the melt tem-
perature controller 116 converts the error signal into a
control signal for regulating the size of the opening 64 in the
iris diaphragm 60.

For example, the opening 64 is reduced in size when the
melt temperature is too low to trap more heat within the melt
34. and the opening 64 is increased in size when the melt
temperature is too high to release more heat from the melt
" 34. A size (area setting) comparator 118 determines a
difference between the actual size of the opening 64 and a
predetermined size held by a set point 120 representing an
opening size at which the iris diaphragm 60 is most effecive
for optimizing the melt temperature. An error signal repre-
senting the difference between the actual and predetermined
size of the opening 64 is output from the size comparator 118
to a size (or area setting) controller 122 for regulating the
amount of power supplied to the heater 32.

Instead of controlling the heater 32 directly in response to
temperature variations in the melt 34, the size controller 122
produces a control signal that regulates heater power to
optimize the opening size of the iris diaphragm 60.
Preferably, the diaphragm opening 64 is kept as small as
possible to relatively increase the temperature of the melt 34
with respect to the crucible 22. This enables a reduction in
the temperature of the crucible 22 as well as other compo-
nents in the processing chamber 12 including the heater 32.
The reduced temperature also reduces solubility of the silica
crucible 22 and slows chemical reactions of the other
components that produce contaminants. As a result, the melt
34 retains a higher purity level, which improves crystal
quality, and lifetime of the crucible 22, heater 32, and other
processing chamber components is increased.

Also, the temperature sensor 90 together with its probe 94
provides an exact measure of the temperature of the melt
surface 46 at a predetermined position of the spot 92. The
more exact temperature information enables a further stabi-
lization of the melt conditions required for the start of crystal

growth.

During crystal growth, the diameter sensor S0 measures
the diameter of the crystal 44. A diameter comparator 124
determines a difference between the measured diameter of
the crystal 44 and a predetermined diameter from a set point
126. The predetermined diameter of the set point 126 is
determined as a function of the position of the seed cable 38.
For example, when the seed crystal 40 is first withdrawn
from the melt 34 by vertical movement of the seed cable 38.
the diameter of the growing crystal 44 is reduced to about 3
to 5 mm to ensure dislocation-free growth. This so-called
“crystal neck” 117 (FIG. 1) extends about 100 to 200 mm in
length. Thereafter, the crystal diameter is increased until it
reaches a predetermined body diameter (e.g., 200 or 300
mm) at which most of the remaining crystal 44 is grown.

A diameter controller 128 converts a diameter error signal
output from the diameter comparator 124 into a control
signal for regulating the speed at which the upper drive
mechanism 42 lifts the seed crystal 40 from the melt 34. For
example, the lift speed (also referred to as pulling rate) is
increased when the crystal diameter is too large and the lift
speed is decreased when the crystal diameter is too small.
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Changes in both the lift speed and the melt temperature
are monitored throughout the growth of crystal 44. A rate
comparator 130 determines a difference between the actual
lift speed and a predetermined speed from a set point 132.
which is a function of the crystal length (e.g.. the seed cable
38 position). Similarly. a temperature comparator 134 deter-
mines a difference between the measured temperature adja-
cent to the solidification interface 48 and a predetermined
temperature from a set point 136, which is also a function of
crystal length. The two set points 132 and 136 can be
extrapolated from experimental data reflecting desired
trends for optimum crystal growth.

A growth controller 138 combines (e.g.. weighs and
sums) a lift speed error signal from the rate comparator 130
with a temperature error signal from the temperature com-
parator 134 and converts the combined error signal into a
control signal for regulating the size of the opening 64 in the
iris diaphragm 60. Variations in the opening size of the
diaphragm 60 affect temperature conditions of the melt
surface 46, including the measured temperature conditions
near the solidification interface 48 that determine crystal
growth rates. Enlarging the opening 64 cools the solidifica-
tion interface 48 and increases crystal growth rates, and
contracting the opening 64 heats the solidification interface
48 and decrcases crystal growth rates.

Since growth rates affecting the crystal diameter are
influenced by temperatures of the melt surface 46 near the

solidification interface 48, the temperature error signal from
the comparator 134 can be used as the primary control
variable for regulating the size of the opening 64 in the iris
diaphragm 60. In other words, controlling the iris diaphragm
60 to minimize the temperature error signal is also expected
to reduce the lift error signal by reducing the variation in
crystal growth rates. However, the lift error signal can still
be used by the growth controller 138 as a secondary control
variable to compensate for any errors in the set points 132
and 136 or for other temperature-related conditions affecting
crystal growth.

Lift speeds that are too fast are controlled by decreasing
the size of opening 64, and lift speeds that are too slow are
controlled by increasing the size of opening 64. The iris
diaphragm 60 affects growing conditions at the solidification
interface 48 much faster than would otherwise be possible
by controlling the heater 32 alone. As a result, the quality of
the crystal 44 is improved and the risk of a loss of desired
crystal structure is reduced. Faster overall pulling rates are
made possible by the further optimization of temperatures at
the solidification interface 48.

The size comparator 118 also determines differences
between the actual size of the opening 64 and predetermined
sizes that are optimum for controlling neck and body
growth. A set point 140 holds predetermined sizes deter-
mined to be optimum for stabilizing temperatures at the
solidification interface 48 during both neck and body
growth. Either predetermined size can be related by function
to other processing variables including the respective posi-
tions of crucible shaft 26 and seed cable 38.

The size controller 122 includes algorithms for determin-
ing appropriate responses from the heater 32 to keep the iris
opening near its desired size. For example, if the opening 64
is too large, power to the heater is reduced; and if the
opening 64 is too small, power to the heater is increased.
Since the ability to change the opening size to rapidly affect
temperatures near the solidification interface 48 is generally
more important than maintaining any particular opening
size, the much slower effects of the heater 32 on tempera-
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tures at the solidification interface 48 are sufficient to keep
the iris opening within a range of sizes at which it remains
effective for stabilizing the solidification interface tempera-
tures.

In addition, more gradual changes in the size of the iris
opening can be used to maintain a more stable radial
temperature gradient in the melt surface 46 from beginning
to end of crystal growth. Generally, radial temperature
gradients from the center to the periphery of the crucible 22
diminish with a reduction in the amount of melt 34 remain-
ing in the crucible 22. The reduced gradient requires a
reduction in the lifting rate and can adversely affect the
shape of the solidification interface 48, which increases risk
of a loss of desired crystal structure. In extreme cases,
solidification can occur ¢lsewhere in the crucible 22.

Neck growth in large crucibles 22 (e.g., 550 mm
diameters) required to grow large crystals 44 (e.g., 200 or
300 mm diameters) is particularly difficult because of large
temperature variations (e.g., 100-200 degrees centigrade)
between the center and periphery of the large crucibles 22.
Closing the iris diaphragm 60 reduces radial temperature
gradients in the melt surface 46 and thereby provides
improved conditions at the center of large crucibles 22 for
promoting growth of crystal necks 117. Further optimization
of the radial temperature gradients can be achieved by
relating vertical positions of the crucible 22 to opening sizes
of the iris diaphragm 69.

The remaining drawing figures contrast the performance
of my new crystal pulling apparatus, which includes using a
measurement of melt temperature adjacent to the solidifica-
tion interface to control the iris opening size, with conven-
tional crystal pulling apparatus. Graphs compare various
processing variables throughout similar ranges of crystal
body growth. FIGS. 8A-SF illustrate the conventional rela-
tionships between the processing variables without any
control over iris opening size. This is represented in FIG. 8A
as an arbitrarily fixed iris opening size. FIGS. 9A-9F
illustrate new relationships of the processing variables made
possible by controlling iris opening size. Where solid and
dashed lines appear together on the graphs, the solid lines
represent set point values of the processing variables and the
dashed lines represent exemplary actual values of the same
processing variables.

Normally, both the radial temperature gradient and the
affected lift speed tend to significantly decrease from begin-
ning to end of body growth. leading to inconsistencies in
crystal composition. In the illustrated embodiment, my
invention provides for minimizing such variations to
improve crystal quality. The set point iris opening size 134
at the start of body growth is mostly closed but gradually
opens with increasing length of crystal growth. The melt
level, which is generally maintained at a constant height
with respect to the heater 32 by vertical movement of the
crucible 22, is maintained at a slightly greater height than
usual.

Raising the melt level with respect to the heater 32 tends
to increase the radial temperature gradient. However, clos-
ing the iris opening 64 tends to lower the radial temperature
gradient. The iris diaphragm 60 is initially closed to suppress
some of the increased gradient effect of the raised melt level
but is gradually opened to compensate for the decreased
gradient effect of the reduced amount of the melt 34.

Thus, a first order variation (i.c., slope) in the set point iris
opening size 134 can be used to reduce variation of the radial
temperature gradient between the beginning and end of
crystal growth. This also has the effect of reducing a first
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order variation (i.c., slope) of the set point lift speed 136,
thereby making possible an improvement in the consistency
of crystal composition between the beginning and end of
body growth. The conservation of heat within the melt 34 at
the beginning of body growth is also expected to lower
overall power consumed by the heater 32.

Higher order variations in iris opening size limit the
higher order variations in both the lift speed and the tem-
perature adjacent to the solidification interface 48. Since the
crystal diameter is a function of temperature patterns in the
vicinity of the solidification interface 48 and the variations
in the iris opening size directly affect these temperatures, the
further variation in the size of the iris opening 64 by the
growth controller 138 also reduces variations in the diameter
of the crystal 44. The reduction in the range of diameter
variation improves the dimensional stability of the crystal
44. The cormresponding reduction in the range of lifting
speeds further improves the quality of the crystal 44. Also
limited are accelerations in the lift speed that could disrupt
the dislocation free growth of the crystal 44. The heater 32
is applied to a more suitable task of controlling the first order
change in iris opening position from beginning to end of
body growth.

A variety of other control system configurations can also
be used for exploiting the new information provided by the

temperature sensor 90 and the temperature-regulating capa-
bilities of the iris diaphragm 6@ or other radiation shields

positioned over the melt surface 46. For example, separate
control loops could be used for controlling the lift drive 42

and the iris drive 80. The lift drive 42 would be controlled
to regulate crystal diameter, and the iris drive 80 would be
controlled to regulate temperatures adjacent to the solidifi-
cation interface 48.

Alternatively, the iris diaphragm 6@ or other radiation
shield could be used in place of the upper drive mechanism
42 for regulating both crystal diameter and temperatures
adjacent to the solidification interface 48. For example,

instead of varying the lifting rate. the area covered by the
radiation shield would be varied in response to the measured

temperatures adjacent to the solidification interface to con-
trol crystal diameter. The position of the radiation shield

over the melt could also be used in place of varying the

amount of arca covered by the shield or in addition to
varying the same to enhance the regulation of radiational

cooling from the melt surface 46.

The temperature sensor 90 could be moved to different
positions during crystal growth, especially between neck
and body growth. Also, more than one temperature sensor 90
could be used to gather additional information about tem-
perature patterns in the vicinity of the solidification inter-
face.

I claim:

1. An apparatus for growing crystals from a melt of
crystal-forming material comprising:

a processing chamber;

a crucible mounted in said processing chamber for con-
taining the melt of crystal-forming material and having
an open end through which the crystal can be pulled
from the melt;

a heater that maintains the crystal-forming material in a
melted condition within the crucible;

a temperature monitor that senses a temperature of the
melt in the vicinity of a solidification between the
crystal and the melt;

a radiation shield that is adjustable for regulating an
amoun{i of radiated heat that is returned to the melt: and
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a control system that adjusts the radiation shield in
response to changes in the sensed temperature of the
melt for enhancing dislocation-free growth of the crys-
tal.

2. An apparatus for growing crystals from a melt of

crystal-forming material comprising:

a processing chamber;

a crucible mounted in said processing chamber for con-
taining the melt of crystal-forming material and having
an open end through which the crystal can be pulled
from the melt;

a heater that maintains the crystal-forming material in a
melted condition within the crucible;

a temperature monitor that senses a temperature of the
melt in the vicinity of a solidification between the

crystal and the melt;

a radiation regulator that is adjustable for regulating
radiational cooling of the melt;

a control system that adjusts the radiation regulator in
response to changes in the sensed temperature of the
melt for enhancing dislocation-free growth of the crys-
tal: and

said temperature monitor including a probe that extends

into said processing chamber.

3. The apparatus of claim 2 in which said probe has a sight
tube for transmitting radiant energy to an optical sensor.

4. The apparatus of claim 1 in which said temperature
monitor senses the temperature of the melt within a distance
of 50 mm of the crystal.

§. The apparatus of claim 4 in which said temperature
monitor collects radiant energy from a spot on a surface of
the melt measuring less than 20 mm in diameter.

6. The apparatus of claim 1 in which said radiation shield
covers an area of the open end of the crucible for returning
radiated heat to the melt.

7. The apparatus of claim 6 in which said radiation shield
has at least two movable parts for adjusting the amount of
covered area.
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8. The apparatus of claim 7 in which said radiation shield
has an opening through which the crystal can be pulled from
the melt.

9. The apparatus of claim 8 in which said at least two
relatively movable parts adjust a size of said opening
through with said crystal can be pulled from the melt.

10. The apparatus of claim 9 in which said radiation shield

includes an iris diaphragm formed by overlapping plates that
can be adjusted to vary the size of said opening.

11. The apparatus of claim 6 in which said radiation shield
is relatively movable with respect to a surface of the melt for
regulating the return of radiated heat to the melt.

12. The apparatus of claim 11 in which said control
system adjusts a position of the radiation shield with respect
to the melt in response to the changes in the sensed tem-
perature of the melt.

13. The apparatus of claim 6 in which said control system
adjusts the area covered by the radiation shield in response
to the changes in the sensed temperature of the melt.

14. The apparatus of claim 13 in which said control
system increases the area covered by the radiation shield in
response to a decrease in the sensed temperature of the melt.

15. The apparatus of claim 13 in which said control
system decreases the area covered by the radiation shield in
response to an increase in the sensed temperature of the
melt.

16. The apparatus of claim 13 further comprising a
diameter monitor that senses a diameter of the crystal in the
vicinity of a solidification between the crystal and the melt.

17. The apparatus of claim 16 in which said control
system varies a rate of pulling the crystal from the melt in
response to sensed diameter variations in the crystal.

18. The apparatus of claim 17 in which said control
system interrelates variations in the sensed temperature of
the melt and variations in the pulling rate for adjusting the
area covered by the radiation shield. |

19. The apparatus of claim 13 in which said control
system varies an amount of heat produced by said heater in

response to variations in the amount of area covered by the
radiation shield.
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